Abstract The objective of this study is to evaluate the impact of climate change on the hydrological balance of the Comoe basin, an area of rainfed agriculture. Frequency analysis of cropping seasons, with estimation of cumulative water deficit through a daily water balance simulation , was used to explore the impact of variation in climate conditions on the cropping season. The performance indicators show an uneven evolution of agroclimatic potential: in a unimodal regime centred on the north of the basin, the cropping season duration, which did not change significantly, is consistent with the small changes in onset and end dates to that season; however, the cumulative water deficit increased from 750 mm to more than 850 mm. In contrast, in the bimodal regime, the western fringe, while less affected by both the recession and the rainfall deficit, undergoes an unusually short duration of cropping season. Thus, the second cropping season no longer lasts 90 days and seems less compatible with some cropping cycles. Such drought could increase the risk in annual cereal production without, however, being a leading limiting factor.
INTRODUCTION
The Comoe River basin, as well as the whole of Ivory Coast, has been facing a recurrent drought since the 1970s. That drought leads to rainfall deficits and the alteration of precipitation regimes (Paturel et al. 1997 , Servat et al. 1997 . The rainfall decrease started in the countries around the Guinea Gulf at the end of the 1960s, and increased there during the 1970s and 1980s, before experiencing a certain remission during the 1990s. This rainfall decrease impacts on water resources and therefore the regional economy owing to the key role of rainfed agriculture in this basin. The rainfall reduction induces some variations at the beginning and ending periods of the rainy seasons and their duration. But in rainfed agriculture, the onset date and duration of the wet season are regarded as major indicators for the quality of production: if the onset date of the rain determines the sowing date, the duration of the wet season can increase the output, providing better opportunities for setting cropping cycles. Indeed, according to Morel (2004) , the unpredictability of optimum sowing date necessarily leads to expectations of low agricultural production.
However, agroclimatological studies are scarcely practiced at the level of the Comoe basin. Those that exist are generally based on mere rainfall, thereby losing the point that the agricultural climate differs in many ways from only the appearance or lack of rainfall (Morel and Raoult 1980) . From the agroclimatological point of view, simple changes in temperature, precipitation and moisture can restrict the agricultural output potential, affecting crop growth. Thus, analysis of the evolution of these parameters is necessary in this basin. Therefore, taking into account levels of available soil water (ASW), daily rainfall and reference evapotranspiration (ET O ), this study aims to study changes in cropping seasons (onset, end, duration) and the risk of water deficit, based on a daily water balance simulation (Allen et al. 1998) . The results will allow assessment of the impact of climate changes on the evolution of agroclimatic conditions in the basin, an important factor in the assessment of production capacity. These results are representative of an entire regional climate band of West Africa, and can therefore be used to compare values and methods in use throughout other regional basins.
STUDY AREA, DATA AND METHODS

Location of the study area
In Ivory Coast, the Comoe River basin covers an area of about 75 800 km 2 . It is located between 5°-11°N and 5°30′-3°30′W (Fig. 1) . Crossing the country from north to south, this basin is fairly representative of the major biomes of Ivory Coast: from the sparse savanna in the north to the abundant tropical rainforests in the south, making the transition from semi-deciduous forests in the central zone; but these landscapes are almost totally transformed by human activities, specifically in the transition zones, considered as old cocoa planting areas.
Due to the seasonal migration of the Intertropical Convergence Zone (ITCZ), the West African monsoon shows a bimodal pattern, with two wet seasons in the transition zone and in the southern area of the basin, which means from spring to mid-summer, and from mid-summer to autumn, interspersed with two dry seasons: a short one in summer and a long one in mid-winter. To these two areas we must add the Sudanese zone in the northernmost part of the basin, characterized by a unimodal regime: a wet season from midspring to mid-autumn and dry season from midautumn to mid-spring (Fig. 1) .
Data used
Agroclimatological data Daily rainfall data were obtained from the National Meteorology service (NM), were corrected, completed and stored at HydroSciences Montpellier (HSM) through the SIEREM website (http://www.hydrosciences.org/ spip.php) (Boyer et al. 2006) , and include the FRIEND-AOC (UNESCO International Hydrological Programme) database. These data have been submitted to a significant number of checks and reviews to ensure the best results (Rouche et al. 2010) . In order to work on series relating to identical periods, we used a common time scale for 20 stations, extending over the period 1950-2000. However, it should be pointed out that serious socio-political trouble, which has shaken Ivory Coast since 1999, has temporarily stopped data collection at most stations in the country. Therefore, it has not been possible for us to collect the most recent climate data to complete this work. However, monthly data for potential evapotranspiration (ETP) (calculated from the corrected Penman formula) came from the Climatic Research Unit (CRU) database, University of East Anglia (UK) (http://www.cru.uea.ac.uk/cru/data/hrg/). The monthly data were transformed into daily data to calculate the terms of the daily water balance following the method of Lhomme and Monteny (1982) .
Agrotechnical context and agricultural data
According to a north-south regional gradient, three levels of soil water reserve (SWR) were selected: 120 mm in the south, 100 mm in the centre and 80 mm in the north of the basin. These values result from a soil investigation performed by Roose (1981) on a north-south transect of Ivory Coast; however, these levels are to be regarded only as indicative orders of magnitude for a regional macroscopic study, they are not specific to any culture or any particular crop variety. Moreover, the agricultural yield data used stem from official yearbooks of the Ministry of Agriculture and Animal Production (MINAGRA) at departmental (small province) level. For each department, these data provide information on yields for the periods 1940-1950 and 1983-1984 . But, owing to economic constraints due to the collapse of agricultural raw materials' prices during the 1980s, there is no longer an agricultural census in Ivory Coast. Thus, beyond this period, it is almost impossible to retrieve data covering the subsequent decades. Crops selected for this study are: millet and sorghum, usually grown in the north of the basin; corn, rice and yams, grown uniformly over the entire basin; and plantain and cassava, grown in central and southern parts of the basin.
Methods
Analysis of inter-annual rainfall variability In order to show the spatial and temporal variability of rainfall at the inter-annual time scale, the method of normalized indexes of precipitation and the standardized precipitation index (SPI) method, coupled with the low-pass filter order-2 'method' of Hanning, have been used.
SPI method This method is used to assess the rainfall trend over the retained study period; it highlights the exceedence and deficit periods. Then, for each station retained, an annual rainfall index is defined (Nicholson 1980 ) as a standardized distribution, through the following equation:
where x ij is the total rainfall height for station i in a given year j; x i is the inter-annual rainfall average at station i during the recording period; and σ i is the annual rainfall standard deviation for station i.
The non-recursive low-pass filter order-2 'method' This method, called 'moving weighted averages', helps to remove the total annual rainfall and the seasonal variation through the filtering or weighting in a given series. The weighted calculation of this total rainfall filter is achieved as follows (Tyson et al. 1975) :
Suppose P t is the total weighted rainfall of the term t:
for 3 ≤ t ≤ (n − 2), where X (t) is the total weighted rainfall of term t; X (t−2) and X (t−1) are the total observed rainfall of two terms immediately preceding the term t; and X (t+2) and X (t+1) are the total observed rainfall of two terms immediately following the term t.
The total weighted rainfall of the first two (P (1) , P (2) ) and the last two (P (n-1) , P (n) ) terms of the series is calculated through the following expressions (where n is the series size):
To have the best views of the homogeneous periods, the total weighted rainfall of this filter is then focused and summarized through equation (1) as follows:
where SPI 0 ij is the summarized and focused annual weighted rainfall height index; m i is the average of the weighted averages series at station i; and σ′ i is the standard deviation of the moving weighted averages series.
Characterization of cropping seasons (CS) in the basin Some phenological stages of cultivated plants are vulnerable to climatic parameters, such as rainfall, temperature and drought (Sivakumar 1993) . In the Comoe River basin, variables that determine crop potential productivity include the variability of the cropping season onset, end and duration, and especially the crop water requirements index (CWRI); this index expresses the degree to which cumulative crop water requirements were satisfied at any given time or for the entire vegetative cycle. Moreover, for a regional macroscopic study, non-specific to any crop, the cropping season can be defined as a result of consecutive dekades (10-day intervals) in which the value of evapotranspiration capacity of vegetation cover (ECvc, mm d -1 ) is significantly greater than, or equal to, 50% of the reference evapotranspiration (ET O ) (Allen et al. 1998 , Morel 2004 . But the ECvc can be defined as the maximum reference evapotranspiration of plant cover whose water supply is not subject to any limitation; thus it only depends on observed weather conditions. The distinction between the first and second cropping seasons in the southern basin (bimodal) being slightly more marked for some years, the start of the wet season is set from the dekade in which the ECvc is greater than or equal to 0.5, for at least two uninterrupted, successive dekades. This threshold is to be compared to the values of the ratio ET C /ET O considered at the beginning and end of crop cycles, and according to the crop coefficients (kc).
On the basis of a set of regionalized climate data, calculation of ECvc was carried out at the annual time scale, using the simulation model of the water balance (Noufé et al. 2011 ). We considered vegetation for which water requirements are equal to the ET O and differentiated by the value of ASW. The algorithms used for iteration at a daily time scale are used to determine the dekadal values of ECvc, from the following water balance equation:
where ASW j is equal to min[SWR;ASW j−1 + R j − Ecvc j and where ECvc j is the evapotranspiration capacity of vegetation cover for day j (mm); ASW j is the available soil water at the end of day j (mm); ASW j−1 is the available soil water at the beginning of day j − 1 (mm); R j is the rainfall during day j (mm); ET Oj is the reference evapotranspiration of day j (mm); SWR is the soil water reserve (mm); and RWR is the ratio of readily usable soil water reserve (mm).
The iterative model above allows determination of the onset date, end and duration of cropping seasons; that is, pointing out the periods during which crop water requirements are generally faced. We deduce the frequencies of occurrence on both sides of 1970, the expected date of the climate transition in West and Central Africa (Servat et al. 1997) . The distribution function was estimated by applying a Weibull empirical distribution law. This method has been applied to similar studies in Ivory Coast and Senegal (Morel 2004 , Sané et al. 2008 , Noufé et al. 2011 .
Therefore, for each year and each of the stations considered, the duration of the cropping season was determined with probability p of 80% (duration reached or exceeded in 8 years out of 10). The complementary probability, p′ = 100% − p = 20%, means that a farmer will have to live with a partial or total loss of crop for 2 years out of 10. This value of 20% is certainly arbitrary, but in such a context it reflects the maximum occurrence of the risk incurred by the farmer (Eldin 1989) .
Inter-annual risk of water deficit Water deficit (WD) occurs when the water available to the plant does not allow it to meet the evaporative demand (Eldin 1989 , N'guettia et al. 1995 , Allen et al. 1998 ). In such a case, the plant transpiration (ET) is less than the potential evapotranspiration (ETP). Thus, based on the model of daily water balance already described, and through the analogy of the preceding thresholds, we will determine the cumulative water deficits achieved or exceeded in 2 years out of 10.
The value of WD is summarized as follows:
The year is divided into 36 periods of 10 days; for each 10-day period we calculate the cumulative water deficit (WD 10 ) which is the sum of the daily deficits, as above. On this basis, the distribution of WD 10 was simply analysed by frequency classification. This method is applied in the three regions for the two reference periods: before (wet) and after (dry) 1970.
RESULTS
Significant sustained decrease in total rainfall since 1970
The standard deviations of rainfall over 50 years at four fairly representative stations of the basin (Fig. 2) show two contrasting periods of rainfall evolution. During the 1950s and 1960s, the overall annual rainfall was in excess, but since 1970 it has become dramatically deficient. These conclusions confirm and complete the previous studies (Paturel et al. 1997 , Servat et al. 1997 , Mahé et al. 2001 , in which a climate transition is assumed to have occurred around 1970. However, it should be pointed out that during the 1990s a temporary return to wetter conditions seems to be observed throughout the basin, except at Aboisso on the east coast (Fig. 2) .
Variable impact of changing rainfall conditions on cropping seasons (CS) of the basin Marked onset delay for the first CS, especially in the coastal area In the unimodal climate regime in the northern area (Bouna), we notice that the probability of early occurrence (8 years out of 10) and late occurrence (2 years out of 10) are
1976 D. Noufé et al. respectively delayed and advanced by about 1 dekade (10 days), and the standard deviation of their distribution decreases, giving an impression of a lower rainy season frequency of false beginnings. In the rest of the basin (in the bimodal regime), the variation in occurrence dates of the threshold of the first cropping season for 8 years out of 10 is quite noticeable, especially on the east coast at Aboisso where it is delayed by 4 dekades (Table 1 and Fig. 3 ).
However, with a lag of about 1 dekade, the probability of occurrence of the second cropping season has varied slightly in this part of the basin.
Relatively early end of CS, especially in the northern and southern areas In the northern area (Bouna), the frequency occurrence (8 years out of 10) of the end of the single cropping season, which takes place on 19 and 14 November ( Table 1 and Fig. 3 ), occurs 5 days earlier during the decades 1970-1990 (significant difference at the threshold of 90%), with a standard deviation of the same order (Table 1 and Fig. 3 ). However, in southern and central zones (bimodal regime), the end of the first cropping season did not vary at the fixed probability threshold. In Aboisso, it occurs on 24 September during both periods. The second cropping season, with onset date on 21 and 19 January (Table 1 and Fig. 3 ), also did not vary significantly. In the same way, at Bondoukou and Abengourou (central basin), which have not experienced a climatic transition (Fig. 2) , the end of the cropping seasons has not changed. However, if the end of the second cropping season has not much changed in this zone, its normal distribution law has still changed on the coast, mostly in terms of an earlier average date (from 1 to 2 dekades), specifically in Aboisso (Fig. 3) .
Quite marked reduction in CS duration, mainly on the western fringe In Bouna, the duration of the single cropping season, which was about 180 days before the 1970s, has hardly changed (Table 2, Figs 4 and 5), in conformity with the slight variation in dates of its onset and end. However, in the central part of the basin, the east-west decreasing gradient of the duration of the first cropping season was significantly strengthened during the decades ; the stations of Dabakala and M'bahiakro located further west are most affected. They therefore show a reduction of the first cropping season of about 2 dekades, which means a variation of 10% and 15%, respectively. However, on the eastern fringe, this season has not experienced significant variation, mainly in Bondoukou and Abengourou (Table 2 , Figs 4 and 5). This can be related to the results of Mahé et al. (2001) . As for the second cropping seasons, they hardly reach the minimum threshold of 70 days, especially on the western fringe. Thus, despite the gain of 31% recorded in M'bahiakro, compared to the decades 1950-1960, the duration of this cropping season is about 68 days at the probability threshold of 8 years out of 10.
In the southern area, the first cropping season has not changed significantly; nor has the east-west decreasing gradient of the duration of the second cropping season changed (Table 2 , Figs 4 and 5). But on the west coast in Lamé, the first CS experienced a large reduction of its duration, from 187 to 167 days, which means a variation of 11% (Table 2 ). In the same coastal area, the decrease of rainy season length was worst, characterized by an overall second CS duration decrease of around 18% in both periods (Table 2 , Figs 4 and 5).
Annual cumulative water deficit growth, mainly northern and western zones By analogy with the risk threshold previously set, it appears from the results obtained on both periods that the spatial and temporal variation of the cumulative water deficit evolves along a north-south decreasing gradient. With the exception of Bouna in the northeast of the basin (Fig. 6) , water deficit did not change significantly on the eastern fringe (Abengourou) and on the east coast (Aboisso) (Fig. 6) ; however, it is much more pronounced on the western fringe in Dabakala and M'bahiakro. It is worth noting, however, that in the southern area, as well as on the eastern fringe, the statistical distribution of rainfall variables does not always adjust to the normal distribution law (Fig. 6) , so the extreme events are not to be excluded in these two parts of the basin.
DISCUSSION
Agroclimatic conditions strongly deteriorate without being the major limiting factor for production
On the basis of the frequency thresholds previously set, it appears that the duration of cropping seasons is quite variable. Thus, the evolution of the rainy season is more and more restrictive, mainly on the western fringe, from the transition zone to the west coast (Table 2 , Figs 4 and 5). The eastern fringe seems to face a slight change in rainfall regime, which is consistent with the results of Mahé et al. (2001) , who found that the centre of Ghana, adjacent to the study area, was one of the regions least affected by the decrease in rainfall since the 1970s. The cropping seasons are more and more unstable, and their duration more and more reduced, during the decades . Thus, Table 2 shows agroclimatic potential areas as roughly homogeneous from one area to another, combined with relative intra-zonal variations. So, during both study periods, the first cropping season on the west coast, more specifically in Lamé, has faced a significant decrease of about 11% at the significance level of 95%. This situation continued on the western fringe of the basin, where these deficits are between 5% and 15% ( Table 2 ). The stations of Dabakala and M'bahiakro are also distinguished by differences of 10% and 15%, respectively. For the second cropping season, in this same part of the basin, 71% of stations recorded a CS season duration lower than 80 days. But M'bahiakro surprisingly registered a gain of about 31% after 1970, varying from 52 to 68 days, but still below the minimum threshold of 80 days. However, on the coast, despite the strong variation experienced (18% on average), one station out of two reached the threshold of 80 days (Table 2) . So, the two-thirds of the basin characterized by a bimodal rainfall season seems to contrast with the one-third in the north, where the single cropping season showed an average variation of about 8%. But what characterizes this northern part of the basin comes from Bouna and from several other stations on the eastern edge which, in a statistical sense, do face slight or no change at all. As opposed to Bouna, however, Ouangolodougou and Ferkessédougou, close to the north of the basin, face significant variations of 10% and 13% respectively, at the significance level of 95% (Table 2) . But, in spite of these variations, a single cropping season with a duration of between 140 and 180 days in this zone of the basin is not a restrictive condition for a rainfed agriculture in which the major annual crop is cereals (Table 3) . Indeed, a minimum threshold of 120 days is generally regarded as the vegetation cycle of the main annual crops in the tropics. The major constraint obviously comes from the total annual water deficit.
Indeed, changes in cropping seasons throughout the basin are modulated by both the levels and values of soil water availability and water deficits reached or exceeded, and the fixed probability threshold (Figs 5 and 6). Comparing inter-annual variations in the water deficit and duration of cropping seasons, we note that the northern sector of the basin centred on Bouna is affected by a sharp increase in drought risk: the duration of the cropping season certainly did not change significantly, but is affected (2 years out of 10) by increasing cumulative water deficit (750-950 mm) (Figs 5 and 6), combined with a low level of soil water reserve (80 mm). Similarly, on the western fringe where the impact of the rainfall decrease is very marked, cumulative water deficits vary from 450 to 750 mm. However, coastal stations, extended on the eastern fringe by Agnibilékrou and Abengourou stations, appear fairly stable: in the first cycle, these stations present cropping seasons whose duration varies from 140 to 159 days; however, at the same probability threshold, the second cropping season lasts less than 90 days. Total water deficits have also increased significantly, ranging from 250 to 450 mm in both periods. However, with the exception of Dabakala and M'bahiakro, where the first cropping season is the most affected throughout the basin (less than 120 days), we can conclude that the duration of the cropping season is not a limiting factor for production elsewhere, for either long or medium cycle varieties (120-130 and 90-120 days) . But the possibility of growing a variety of at least 90-days cycle in the second campaign appears compromised without recourse to supplementary irrigation or by tillage (mounding, mulching, etc.) . Instead of or in complement with irrigation, tillage would deepen the storage horizon and thus the soil water reserve, and promote infiltration by slowing evaporation for a higher occurrence probability of production for the second cropping season (Morel and Raoult 1980) .
Linear regressions between agroclimatic indicators and variables of agricultural production
Considering the above results, we compare the agroclimatic potential of the basin for production of major crops before and after 1970. The 'stepwise ascending' regression method allows us to establish, by converging discrimination, simple linear relationships between explained (crop yields) and explanatory (selected agroclimatic) variables. These operations were carried out on coupled variables of crops/departments (i.e. geographical areas) before and after 1970, the indicative date of the climate transition between wet and dry periods in the region. Table 3 summarizes the significant results obtained at the confidence threshold of 95% for simple linear regressions. A correlation coefficient of −1 < r < +1 means that when the explanatory (agroclimatic) variables tend to increase, crop yields (explained variables) are also increasing, and r tends towards the maximum value +1, and vice versa. However, the determination of multiple regressions has not allowed improvement of the linear regressions obtained: this has been valid only for 12 pairs out of the 120 analysed (Table 3) . Because climate conditions are not always explicit enough about the trend of yields, other conditions are generally involved (Morel and Raoult 1980 , Louvet et al. 2011 , Noufé et al. 2011 .
Overall, the results appear quite heterogeneous from one area to another and from crop to crop (Table 3) . However, a clear trend seems to emerge: except for the satisfaction of crop water requirements index (CWRI), and the variable 'Duration' (Dur) to some extent, the agroclimatic variables do not always appear as discriminating agricultural variables related to yields of the whole basin. Furthermore, apart from cereals, in particular corn, the results obtained with other crops such as tubers also showed a strong spatial disparity. The crops are located mainly in the transition zone, precisely on the western fringe of the basin, where crops such as plantain and rice have very substantial water requirements, especially in critical periods (Morel and Raoult 1980) .
CONCLUSION
The primary objective of this study was to assess the impact of climate variability and change on water conditions of agricultural production in the Comoe River basin in Ivory Coast. Indeed, in the case of conventional rainfed agriculture, the climatic constraints necessarily determine the agricultural production: yields are lower due to adverse weather conditions and will be potentially higher if these weather conditions improve. However, it should not be forgotten that the climate alone cannot explain the evolution of yields (Morel and Raoult 1980 , Louvet et al. 2011 , Noufé et al. 2011 . For the case of favourable weather conditions, yields may well be influenced by other factors that could possibly vary, such as commodity prices, demographic trends, conditions and transportation costs, political stability, consumer habits, etc. The agroclimatic conditions of the basin were evaluated on the basis of a frequency approach for cropping seasons and cumulative water deficits. The study area evolves towards more and more restrictive water conditions; cropping seasons (in bimodal areas) become shorter and shorter. These changes are modulated by the unequal capacities of soil water storage, combined with increasing total annual water deficits from the south to the north of the basin. Thus, the crossing of agroclimatic indicators with agricultural yields gives mixed results: on one hand the disparate nature of these results from one area to another and from one crop to another, and on the other hand, the relatively low quality of the regressions, as if the agroclimatic indicators used could not give sufficiently discriminating production trends.
However, variables other than climate could help explain these trends: firstly, the questionable nature of the data from the MINAGRA, and the approaches advocated here depending on data quality. Therefore, the interpretation of the results should be taken (here) with some caution. In fact, from quite different origins, these data from the MINAGRA characterize the average behaviour of any crop. They take into account neither the heterogeneity of soils nor the use of composite varieties, the optimal dates for sowing, or even crop coefficients (kc), which reflect the level of crop water requirements. It should also be pointed out that the extensive production systems in the peasantries of this area are usually led by a logic that aims to maximize production per unit of time rather than per unit of area as recommended by technical rationality; on this basis, simple regressions showed that the evolution of production may be more highly correlated with acreages than agroclimatic indicators (Noufé et al. 2011) . Finally, in a favourable economic environment, and to the extent that climate conditions are not always explicit enough about yields, yields may possibly be maintained whatever the weather; thus, cultivated acreages could extend years of both deficit or excess rainfall, so that production supply can increase to adjust opportunely to increased demand.
